Until recently, Histoplasma capsulatum was believed to harbour three varieties, var. capsulatum (chiefly a New World human pathogen), var. duboisii (an African human pathogen) and var. farciminosum (an Old World horse pathogen), which varied in clinical manifestations and geographical distribution. We analysed the phylogenetic relationships of 137 individuals representing the three varieties from six continents using DNA sequence variation in four independent protein-coding genes. At least eight clades were identified: 
Introduction
We investigated the population structure and phylogeny of the pathogenic ascomycete fungus Histoplasma capsulatum Darling (mieosporic state or teleomorph: Ajellomyces capsulatus (Kwon-Chung) McGinnis et Katz). This dimorphic fungus causes deep mycosis in various mammalian species including humans (Rippon 1988; Kwon-Chung & Bennett 1992) . It exists in the mycelial phase in soil enriched with bird and bat guano. In the lung, inhaled airborne microconidia or hyphal fragments transform to the pathogenic yeast form and start the mycosis. The disease is noncontagious between humans. Histoplasma capsulatum occurs in temperate and tropical regions worldwide and distinct genotypes are known which show different clinical manifestations and geographical distributions. On the basis of morphology and pathogenicity, the genus Histoplasma has been thought to consist of three distinct varieties: H. capsulatum ( Hc ) var. capsulatum , Hc var. duboisii and Hc var. farciminosum or three independent species: H. capsulatum , H. duboisii and H. farciminosum (Kwon-Chung & Bennett 1992; Rippon 1988) .
Recently, 46 isolates of H. capsulatum representing the three varieties from various geographical locations were subjected to phylogenetic analysis using DNA sequence variation in four independent protein-coding genes (Kasuga et al . 1999 ). This study showed that H. capsulatum consisted of at least six clades: (i) North American class 1 Hc var. capsulatum (NAm 1; see Table 1 for abbreviations); (ii) North American class 2 Hc var. capsulatum (NAm 2); (iii) Panamanian Hc var. capsulatum ; (iv) South American group A Hc var. capsulatum ; (v) South American group B Hc var. capsulatum and (vi) Hc var. duboisii . Histoplasma capsulatum var. farciminosum was found within the South American group A clade. Under a genealogical concordancephylogenetic species concept (GC-PSC) (Mayden 1997) , based on possession of multiple shared derived characters as well as concordance of four gene genealogies, H. capsulatum was claimed to harbour six species instead of three varieties or three species. However, this study did not include individuals from many regions of the globe.
To challenge the hypothesis that H. capsulatum comprises six phylogenetic species, we analysed phylogenetic relationships of 92 additional H. capsulatum isolates which, together with 45 of the 46 analysed before, represent 25 countries in six continents. We challenged the validity of the six-species hypothesis by constructing a more detailed phylogeographical map and searching for possible hybrids between geographical populations. In this research, we applied the GC-PSC to define genetically isolated populations in H. capsulatum . From neutral mutation rates in protein-coding genes and genetic distances between geographical populations, we estimated the ages of populations and used this information to discuss the history of each population and the origin of the H. capsulatum complex.
Under a neutral model of evolution, genetic drift will inevitably lead to fixation of formerly polymorphic loci following genetic isolation and, after sufficient time, to genealogical concordance of multiple gene trees. New polymorphisms will continue to arise and accumulate in these loci in each interbreeding population. Thus, these genetically isolated populations or species will be recognized as reciprocally monophyletic groups. Recombination among individuals within a species will result in discordance among the gene genealogies. Therefore, in GC-PSC, the transition from deep genealogical concordance to shallow genealogical discordance is used to delimit species boundaries (Avise & Ball. 1990; Baum & Shaw 1995) . The GC-PSC is especially compatible with DNA analyses and has been demonstrated to recognize genetically distinct populations or species without actually observing matings or gene flow in nature (reviewed in Taylor et al . 2000) .
We found that H. capsulatum comprises seven phylogenetic species plus a Eurasian clade that emerges from the largest clade, South American group A.
In this research, numbers of Mexican and Central American isolates were found in the South American group A clade; therefore, we replace the clade name 'South America' with 'Latin America'. Individuals identified as Hc var. duboisii were limited to Africa but the African clade included individuals morphologically identified as Hc var. capsulatum and Hc var. farciminosum . Individuals identified as Hc var. farciminosum were accommodated in three different phylogenetic species, supporting the claim that Hc var. farciminosum is a collection of individuals from different clades that share the ability to cause disease in horses and not a phylogenetic species. There was no resolution of the branching order of the clades, supporting the conclusion that H. capsulatum radiated rapidly over a short period, which we estimate occurred 3-13 million years ago (Ma). Kasuga et al. (1999) , respectively. Table 2 lists the isolates used in the study. The 45 isolates labelled H2 -H140 were used in the previous study (Kasuga et al . 1999) . H10 was excluded due to doubts about its source. The additional 92 isolates were from newly investigated populations such as Australia, Mexico, Brazil, Argentina, China, Thailand and several European and African countries. The analysed fungal samples included soil isolates as well as veterinary and clinical isolates. Culture conditions, DNA isolation methods, polymerase chain reaction (PCR) and sequencing conditions were published by Kasuga et al . (1999) (Rippon 1988) .
Materials and methods

Organisms
DNA analyses
DNA sequences of partial protein-coding genes used in this study are arf, ADP-ribosylation factor (Lodge et al. 1994 ); H-anti, H antigen precursor (Deepe & Durose 1995) ; ole, delta-9 fatty acid desaturase (Gargano et al. 1995) and tub1, alpha-tubulin (Harris et al. 1989) . Phylogenetic analyses [both maximum parsimony and neighbour-joining (NJ )] were performed by using paup 4.0b 3a (Sinauer Associates). Most parsimonious (MP) trees were generated by the heuristic search procedure using 500 replications of the random addition sequence option. Nucleotide sites were weighted equally, with character state transformations treated as unordered and of equal cost. Insertions and deletions (indels) that were consistently and unambiguously alignable across all taxa were treated as single evolutionary events by recording a single site within the indel as a multistate character. For MP analysis of the combined data set, characters from the arf, Hanti, ole and tub1 loci were weighted as 1.00, 0.73, 0.82 and 0.56, respectively. These values were inversely proportional to the total number of phylogenetically informative sites per locus. Indices of support (bootstrap values) for internal branches were generated by 500 replications of the bootstrap procedure (Felsenstein 1985) . Neighbour-joining trees were generated using the Kimura (1980) two-parameter correction for multiple hits.
Population histories of Latin American A (LAm A) and NAm 2 were inferred by use of the nested clade analysis (NCA). Gene genealogies of each of the four loci, arf, H-anti, ole and tub1, were reconstructed by the statistical parsimony method using software tcs 1.13 (Clement et al. 2000) . Nested cladograms were constructed according to published methods (Templeton et al. 1992; Crandall 1996) . The NCA was then performed using the nested cladograms and software geodis 2.0 . Isolates belonging to NAm 2 clades were divided into three populations: Midwest (isolates from Indiana and Missouri), South (Arkansas, Texas and Louisiana) and Southeast (Alabama, Georgia, South Carolina and Virginia) and coordinates of St Louis, New Orleans and Atlanta were used, respectively. The LAm A isolates were divided into four populations: Mexico (Mexico and Guatemala), Colombia (Colombia and Panama), Rio de Janeiro (Brazil) and São Paulo (Brazil) and coordinates of Mexico City, Bogotá, Rio de Janeiro and São Paulo were used, respectively. The single Surinamese isolate H145 was not included in the data set due to the lack of population sample from the close vicinity. Inference of population history was made according to the inference key for the nested haplotype tree analysis of geographical distances (Templeton 1998) .
Results
Polymorphism summary
Multiple loci used for the recognition of phylogenetic species are preferably functionally and genetically unlinked. The four chosen loci for this study, arf, H-anti, ole and tub1, are likely to be functionally independent but their locations on chromosomes are still unknown. Significant linkage disequilibrium between loci was not detected in the randomly recombining North American population (P < 0.05). None of these loci were found on the same bacterial artificial chromosome (BAC) clone in the genomic library used for the ongoing Histoplasma genome project (http:// www.genome.wustl.edu/projects/hcapsulatum/index.php). Thus, these four loci are likely to have been evolving independently in the Histoplasma genome.
Combined DNA sequence data for the four loci gave us 1585 aligned sites, of which 399 were variable and 193 were phylogenetically informative. 
Phylogeny of multilocus genotypes and recognition of phylogenetic species
Maximum parsimony and NJ methods were used to analyse phylogenetic relationships among the 80 unique multilocus genotypes. In each of the four gene trees, isolates tended to cluster together according to their geographical origin. Multilocus genotypes from each of the Australian, Dutch and Eurasian populations as well as five previously identified clades, NAm 1, NAm 2, LAm A, LAm B and Africa, formed a monophyletic group in at least one of the four loci in MP bootstrap consensus trees and NJ trees (Figs 2 and 3) . Dettman et al. (2003a,b) have recently developed an approach to identify phylogenetic species from multiplegene genealogies: a clade was recognized as an independent evolutionary lineage if it was well supported in at least one single-locus genealogy, as judged by both MP bootstrap values of at least 70% (Hillis & Bull 1993) and Bayesian posterior probabilities of at least 0.95 (Rannala & Yang 1996) , and was also not contradicted in any other single-locus genealogy at the same level of support (Dettman et al. 2003a) . Boundaries of fungal species recognized by this approach were shown to be in good agreement with those identified by a mating test (Dettman et al. 2003b) .
The criteria proposed by Dettman et al. (2003a,b) using bootstrap support were used to define phylogenetic species of Histoplasma. All of the uncontradicted branches in the semistrict consensus tree produced from the four gene trees (Fig. 2a-d) were indicated as bold branches in the combined MP tree (Fig. 4a) . Thirteen groups were uncontradicted in the semistrict consensus tree and were supported by bootstrap values of at least 70%. Four of the 13 groups correspond to the previously identified clades, LAm B, NAm 1, NAm 2 and Africa (Hc var. duboisii), and two groups are newly investigated Australian and Dutch populations, all of which were supported by bootstrap values of at least 99%. In the data set of Dettman et al. (2003a,b) all of the branches supported by bootstrap values of 95% or larger were also supported by a Bayesian posterior probability of 1.0. Thus, these six groups of Histoplasma should be recognized as phylogenetic species by the criteria proposed by Dettman et al. (2003a,b) . H167 from Argentina and NAm 1 formed a well-supported clade; however, we judged that H167 and NAm 1 do not form a single phylogenetic species due to the large genetic and geographical distance observed between them. There are two wellsupported branches in the African clade. It might be that these two branches correspond to two independent phylogenetic species. We, however, decided not to divide the African clade due to the insufficient sample size. Likewise, two isolates, EH317 and EH325 from Morelos and Chiapas Mexico, respectively, formed a well-supported clade. In Hanti and tub1 loci, these two isolates are distinct from other LAm A isolates (Figs 2b and d and 3b and d) . As EH317 and EH325 share alleles with other LAm A isolates at arf and ole loci, we judged that these two isolates do not form an independent phylogenetic species. The LAm A clade identified previously (Kasuga et al. 1999 ) formed a monophyletic group in the combined MP tree and NJ tree with bootstrap support of 87 and 96% (Fig. 4) as well as in gene genealogy of H-anti with bootstrap support of 92% (Fig. 2b) . However, the LAm A clade is not recognized in the semistrict consensus tree produced from the four gene trees due to the discordance in tree topologies in the arf and tub1 loci. LAm A cannot be recognized as a phylogenetic species according to the criteria proposed by Dettman et al. (2003a) . Nevertheless, we maintain the LAm A clade as the most diverse phylogenetic species including isolates from Brazil to Mexico. The Eurasian clade is likely to correspond to a genetically isolated population arising from LAm A individuals. In order to maintain the LAm A clade as an monophyletic phylogenetic species, we did not give phylogenetic species status to the Eurasian clade.
Of the 80 multilocus genotypes, 73 could be included in one of eight clades or seven phylogenetic species. The remaining seven multilocus genotypes (i.e. H140, H81, H66, H69, H153, H167 and EH315) do not belong to any of the eight clades and are also distant from each other (hereafter called lone lineages, indicated with filled circles in Figs 2, 3 and 4) . In the four gene genealogies, as well as the combined genealogy, relationships between the clades were unresolved, resulting in a star phylogeny (Slatkin & Hudson 1991) . The unresolved branching order may be the result of hybridization and intralocus recombination or an ancient radiation. To test for recombination, we performed split decomposition analysis (Dress et al. 1996) . Recombination breaks, which separate linked clusters, were not detected in any loci (data not shown). This result indicates that our data set does not include mosaic genotypes generated by recent hybridization followed by intralocus recombination among alleles associated with the diverged clades. Internal branches in the combined NJ tree are, on average, only onetenth of the length of branches leading to the six phylogenetic species and six lone lineages (the Netherlands clade and H167 lineage were excluded due to their obvious close association to one of the clades). This finding implies a rapid radiation of Histoplasma species over a short period of time.
In most cases, DNA polymorphism and clades were strongly associated with geographical locations. For each clade, observed population structure and known traits are detailed in the following paragraphs.
Mexican, Central and South American (Latin American) populations
Histoplasmosis is endemic from Mexico to Argentina. In our previous study, 21 clinical isolates from Colombia and Panama and one soil isolate from Argentina were examined and three distinct clades were identified, LAm A, LAm B and the H81 lineage from Panama. In this Fig. 2 A bootstrap consensus tree resulting from maximum parsimony analysis of DNA sequences of the 80 multilocus genotypes from each of the four gene regions sequenced. When more than one isolate had the same genotype, the isolate name with the smallest number was used for the genotype and shown here. Figure 4 shows all of the isolates. L, tree length; CI, consistency index; RI, retention index; RC, rescaled consistency index. Numbers below branches represent indices of support based on 500 bootstrap replications of the parsimony procedure. Branches with bootstrap support smaller than 70% were reduced to polytomies. ᭹, Lone lineages; ᭡, isolates of Histoplasma capsulatum var. farciminosum. Abbreviations of groups are listed in Table 1. research, 38 clinical isolates and 19 environmental isolates from Mexico, Guatemala (Reyes-Montes et al. 1999; M.L. ), Panama, Surinam, Brazil (de Medeiros Muniz et al. 2001 and Argentina were added and the population structure of Histoplasma in Latin American countries was re-examined. Histoplasma capsulatum isolates in Latin America are the most phylogenetically diverse. Most (42 of 44) isolates from Mexico, Guatemala, Surinam and Brazil were found in the LAm A whereas most (11 of 12) isolates from Argentina were found in the LAm B. One soil isolate from Panama (H188) was distant from the H81 lineage from Panama but belonged to the LAm A. In Colombia, clinical isolates belonging to both LAm A (10 isolates) and LAm B (four isolates) were identified.
In addition to the two major Latin American clades A and B, seven lone lineages, each containing one multilocus genotype, were found in the Latin American countries. The first lone lineage comprises two DNA samples (H140 and H185) from unculturable yeasts infesting the internal organs of Peruvian owl monkeys (Miller & Owens 1999) (the H140 lineage). Five other lone lineages are represented by isolates H66 and H69, both from Colombia, H153 from Brazil, H167 from Argentina and EH315 from Mexico. The H81 lone lineage from Panama (Berliner 1968) consists of three isolates G184A, G186A and G186B (corresponding to H81, H82 and H83, respectively) but just one multilocus genotype. So far, no other isolate closely related to the H81 lineage has been identified. The widely studied type cultures (e.g. Carr & Shearer 1998; Sebghati et al. 2000) , from which the genome sequence of H82 (G186A) is being determined, appear to be distantly related to the genotypes responsible for histoplasmosis in North America or Latin America.
Eurasian population
Histoplasmosis is not endemic to Europe although it has been reported from wild badgers (Bauder et al. 2000) . As a consequence of HIV infection, the incidence of histoplasmosis in Europe is increasing but most cases are attributable to endogenous reactivation of a latent infection acquired overseas in endemic areas (Manfredi et al. 1994 ). The disease is endemic to southeast Asia and India but the incidence and prevalence of histoplasmosis have not been extensively described. Clinical isolates, one from England (H142), two from China (H177 and H178), six from Thailand (H205 -H210) and two from India (H192 and H204), formed a homogeneous monophyletic group with a bootstrap support of 98% within the LAm A clade (Fig. 4a) . This Eurasian group corresponds to the Asian type H. capsulatum which was identified by Tamura et al. (2002) 
North American populations
Two discrete phylogenetic species, NAm 1 and NAm 2, have been reported in North America (Spitzer et al. 1990; Kasuga et al. 1999) . Our previous study showed that these two phylogenetic species were as distant from each other as from any other Histoplasma clades in the world. Genetic diversities observed within NAm 1 and NAm 2 clades are much smaller than that observed in the LAm A clade. In this study, two lone lineages of Latin American isolates from Argentina (H167) and Mexico (EH315) were found to be distantly associated with the NAm 1 and NAm 2, respectively.
African population
On the African continent, two clinically distinct forms of histoplasmosis are known, one caused by Hc var. duboisii and the other by Hc var. capsulatum (Kwon-Chung & Bennett 1992; Rippon 1988) . The disease histoplasmosis duboisii is characterized by cutaneous and subcutaneous lesions whereas histoplasmosis capsulatii is characterized by infection of the lung. A single African clade was formed from clinical isolates of Hc var. duboisii from the GuineaLiberian border (H87 and H91), Zaire (H137), Belgium (H88, probably from a former Belgian colony), Senegal (H147), Nigerian soil (H187) (Gugnani et al. 1994) 
Australian and Netherlands (Indonesian?) populations
Histoplasmosis in Oceania is rare and poorly known. Incidences seem to be largely restricted to people who have visited bat-infested caves (Isbister et al. 1976; Harden & Hunt 1985 
Dating the divergence time of Histoplasma capsulatum
Assuming that H. capsulatum forms a star phylogeny, when did the radiation of H. capsulatum start? In order to date the radiation event, we have to rely on the molecular clock hypothesis and DNA mutation rates extrapolated from other systems because no palaeontological data are available for H. capsulatum. Under the neutral theory of evolution, mutations in any given DNA sequence accumulate at an approximately constant rate as long as the DNA sequence retains its original function. In our data set, only a small portion of substitutions (28 of 296 substitutions) represents nonsynonymous substitutions. Moreover, in any of the four loci, nonsynonymous substitutions per site were always significantly fewer (P < 0.05) than synonymous substitutions per site as judged by pairwise comparisons between isolates, suggesting that the nonsynonymous polymorphisms in any of the four loci were not under positive Darwinian selection (Nei & Kumar 2000) . Two coalescent theorybased tests, Tajima's test (Tajima 1989 ) and the HKA test (Hudson et al. 1987) , were used to detect natural selection at the four genetic loci of the four largest phylogenetic species, LAm A, LAm B, NAm 2 and Africa. The HKA test failed to detect deviation from the neutral mutation hypothesis in any of the four loci in the four clades (Rozas & Rozas 1999 ). Tajima's test also did not detect deviation from neutral evolution with one exception at the ole locus in the LAm A clade (P < 0.05). Overall DNA substitutions in the four loci did not deviate significantly from neutral evolution.
We have previously estimated the divergence time of H. capsulatum and Blastomyces dermatitidis from a small subunit rRNA gene tree . The value was strongly dependent on the algorithm used to estimate divergence time and the calibration time points. When the divergence of Eurotiomycetes (plectomycetes) and Sordariomycetes (pyrenomycetes) was set to 400 Ma (T.N. ) and either of two methods of divergence estimation were used, the Langley Fitch algorithm, which assumes rate constancy, or a nonparametric rate-smoothing algorithm, which does not assume rate constancy (Sanderson 1997) , divergence times for Histoplasma and Blastomyces were 32 and 128 Ma, respectively. To estimate the nucleotide substitution rates at the two protein loci for which we have data for both H. capsulatum and B. dermatitidis, arf and tub1, the genetic diversity was compared with these divergence times. For arf, nucleotide substitution was estimated to be between 0.86 × 10 −9 and 3.43 × 10 −9 substitutions per base per year and tub1 was estimated to be between 1.63 × 10 −9 and 6.56 × 10 −9 substitutions per base per year. Absolute substitution rates at the ole and Hanti loci could not be estimated due to the unavailability of corresponding gene sequences in B. dermatitidis. To estimate the time of the radiation of Histoplasma species, we needed to estimate the amount of DNA substitution that had accumulated among the populations. We used the nucleotide diversity (π), which is the average pairwise distance between isolates (see the footnote to Table 3 ) (Li 1997) . Inclusion of individuals with identical genotypes leads to the underestimation of population richness, which is a concern because H. capsulatum propagates clonally as Ave. 1.08 × 10 −9 (4.32×10 −9 )*** *We used the nucleotide diversity (π), which is the average pairwise distance between isolates (Li 1997): where n is the number of isolates and π ij is the number of nucleotide differences per base between the ith and jth isolates and n(n − 1)/2 is the number of possible pairwise comparisons. **Only DNA substitution rates for arf and tub1 loci have been estimated . The shown DNA substitution rates are based on one divergence time of Histoplasma capsulatum and Blastomyces dermatitidis, which is 127.8 Ma. Rates for H-anti and ole were estimated from the average value of π /µ at arf and tub1 loci together with π values at H-anti and ole. Average substitution rates were calculated by summing up the products of length and π at each locus and then divided by the total length of the concatenated genes (1585 bp). ***DNA substitution rates based on two Histoplasma-Blastomyces divergence times of 127.8 and 31.8 Ma are shown, respectively.
well as sexually. Suspected clonal isolates are as follows: 10 of 13 isolates of Hc var. farciminosum (H90, H95, H96, H148, H174, H175, H190, H191, H193 and H194) and the two Peruvian DNA samples (H140 and H185) had identical multilocus genotype in each of the groups. These isolates were obtained from animals kept in crowded maintenance facilities and probably represent clonal forms of H. capsulatum which spread from host to host. Two isolates of Hc var. duboisii (H87 and H91) and three Panamanian isolates (H82, H83 and probably H81) were isolated from single patients and showed identical multilocus genotypes in each of the groups. Therefore, they are very likely to be clones. These duplicated clonal isolates were excluded from the data set. There are several other cases where individuals share an identical multilocus genotype, e.g. H5, 6, 139, 179 and 181 and EH332, 374, 379, 383, 391, 394 and 408 (see Fig. 4 ). The probability of sampling a particular genotype more than once in the data set can be calculated using a binomial expression using allele frequencies assuming that (i) different genotypes arise by recombination and not mutation; (ii) mating is random and (iii) loci are at linkage equilibrium (Fisher et al. 2000) . The probabilities of observing the H5 genotype five times or more and the EH332 genotype seven times or more are 0.55 and 0.18, respectively. These fungal isolates were obtained from different locations or from different noncaptive host individuals. These isolates were left in the data set because the evidence for their clonality was weak. Table 3 shows values for π at each of the four loci. Under a molecular clock and assuming no intralocus recombination, the nucleotide diversity π for each locus would be approximately proportional to the DNA substitution rate µ at the locus; µ for H-anti and ole were calculated from the population diversities estimated for these loci and the averages of π/µ for arf and tub1 (Table 3) .
We calculated the average genetic distance for all four loci among eight lineages (NAm 1, NAm 2, LAm A, LAm B, Australia + Netherlands (Indonesia?), Africa, H81 and H153) to be 2.80%. This value and the average substitution rate for the four loci (1.08 × 10 −9 −4.32 × 10 −9 ) placed the radiation of Histoplasma at approximately 3.2 -13.0 Ma, mirroring the range of the Histoplasma and Blastomyces divergence values, 32 -128 Ma (Fig. 5) . By either estimate, the radiation of Histoplasma is one-tenth as old as the divergence of Histoplasma and Blastomyces.
Comparing population diversities
The extent of population diversity varies among populations. For example, isolates in each of the NAm 1, NAm 2, LAm B and Australian clades were homogeneous and coalesced during the late Pliocene to Pleistocene epochs (Figs 3 and 5) . On the other hand, genetic diversities in the LAm A and African clades seem much larger and coalesced in the Miocene to Pliocene epochs. Apparent differences in genetic diversity might be attributable to sample sizes as we have the largest collection of LAm A isolates (n = 55). To account for sample size difference, we resampled five isolates from 55 LAm A isolates randomly with replacement and calculated nucleotide diversity of the five isolates using the nucleotide diversity π; this procedure was repeated 10 000 times. The resampled distance distribution was compared with diversities of several populations (Fig. 6) . The statistical resampling demonstrates that the observed small population diversities of LAm B and NAm 2 were not due to sampling error (P < 0.002) whereas the population diversity of the African clade appears to be comparable to the LAm A clade. The LAm A clade contains isolates from Mexico, Guatemala, Panama, Colombia, Surinam and Brazil. Genetic diversities observed in subpopulations of the LAm A from Brazil and Colombia themselves had diversities as large as the entire LAm A clade. The genetic diversity found in the Mexican (including Guatemala) population is significantly smaller than in the Brazilian and Colombian populations but still larger than in LAm B and NAm 2 clades (Fig. 6) . Thus, the size of the endemic area or sampling area does not correlate with the genetic diversity of each breeding population.
Inference of population history
The large numbers of isolates belonging to NAm 2 and LAm A clades enabled us to analyse their population history. Templeton's NCA is suited for this analysis because this method does not require presumption about the underlying population process; instead, a historical reconstruction is derived using inference key (Templeton 1998; Knowles & Maddison 2002) . The NCA can detect geographical association and discriminate between phylogeographical associations due to recurrent but restricted gene flow vs. historical events operating at the population level such as past fragmentation, colonization or range expansion events (Templeton 1998) . A haplotype genealogy was estimated for each population at each of the four loci by statistical parsimony (Templeton et al. 1992; Clement et al. 2000) . The geographical location of each of the haplotypes and the haplotype genealogy were then used to detect geographical associations and infer population history. Table 4 summarizes the outcome of the NCA. Among the LAm A isolates, geographical differentiation caused by restricted gene flow was detected in three of the four loci. When Eurasian isolates were included in the LAm A, a long-distance colonization event from Latin America to Eurasia and past fragmentation were detected for arf and tub1 loci, respectively. On the other hand, geographical differentiation was not detected in the NAm 2 for any of the four loci, unlike the differentiation between Alabama and Indiana isolates found using single nucleotide polymorphism (SNP) and microsatellite markers (Carter et al. 2001) .
Discussion
Radiation of Histoplasma capsulatum
The clues that we can use to try to explain the present distribution of Histoplasma species concern the phylogeographical pattern of genetic variation and the rate of molecular evolution in this fungus. There are seven clades, leaving aside for the moment the Eurasian clade. There are six lone lineages, all from Latin America. There is almost no resolution of the relationships among the clades and lineages, the Australian and Netherlands (Indonesia?) clades being the sole exception. Two of the clades, LAm A and Africa, harbour diverse genotypes, the rest have relatively little genetic variation. It seems reasonable to assume that Histoplasma experienced a radiation 3.2-13 Ma (Pliocene to Miocene) in Latin America when the global climate was warmer than at present (Chandler 1999; Brining et al. 2002) and that the clades in Africa, Australasia and North America are the result of dispersal. The advent of the Pleistocene, 1.8 Ma, brought a period of intense cold, subjecting much of the Earth's temperate zones to repeated glaciations. Current patterns of temperate flora and fauna have been attributed to the effects of these glaciations and the resulting biotic refugia (Willis & Whitaker 2000) . Modern Histoplasma populations are endemic in temperate forests and tropical rainforests (Furcolow 1958; Fonseca 1971) . The low genetic variation found in modern temperate populations and the high variation found in tropical regions may be explained by such glacial refugia. Equatorial populations would not suffer the migration and genetic loss associated with refugia but temperate populations would lose genetic variation during the range reduction as refugia form. In temperate areas, relatively few genotypes would then be available for recolonization as the frozen habitat thawed. Geological events in the New World are consistent with this scenario. At the last glacial maximum (LGM), 18 000 years ago, abundant tropical rainforest remained in Central America and the Amazon Basin (Colinvaux et al. 1996; Willis & Whitaker 2000) , the present site of the most diverse clade, LAm A. In this clade, there is no evidence that alleles in both the arf and tub1 loci coalesce any more recently than the Histoplasma radiation ( Fig. 3a and d) . Conversely, in temperate Latin America, at the LGM, e.g. Argentina where LAm B is pervasive, deserts and semideserts predominated. Today, this region hosts LAm B, in which alleles do coalesce well after the Histoplasma radiation.
Similarly, at the LGM in North America the present endemic area was covered with a thick ice sheet and taiga and temperate forests were restricted to the southernmost part of the present endemic area (Adams 1997) . Again, in NAm 1 and NAm 2, alleles coalesce well after the Histoplasma radiation. Note that the large genetic distance between the NAm 1, NAm 2, LAm B clades and other clades shows that they were part of the original radiation of Histoplasma species and thus do not represent migrations from the diverse LAm A clade following the LGM.
At the LGM, modern Australian Histoplasma sites were all semideserts or arid scrub and the nearly identical genotypes of the five isolates could be explained by a severe population bottleneck at that time.
African Histoplasma was part of the original Pliocene radiation of species and is genetically diverse and, therefore, the diversity was maintained through the LGM. Although much of Africa was arid and cooler at the LGM, tropical rainforest surrounded by savanna persisted in Central Africa (Adams 1997) , probably providing the habitat in which Histoplasma survived.
Eurasia harbours the clade that is the most difficult to understand. The Eurasian clade arises from within LAm Histoplasma capsulatum var. farciminosum individuals were found in three clades, African (H189), NAm 2 (H173) and Eurasian, the latter of which accommodated 11 of the 13 individuals. It is clear that Hc var. farciminosum is not a monophyletic group and that individuals have acquired the ability to cause superficial disease in horses and other equidae more than once. Therefore, Hc var. farciminosum is not a valid taxon, it is a disease. The 10 of 11 individuals of Hc var. farciminosum from Eurasia had identical alleles at all four loci, indicating that they represent one clone, ranging from Poland to Egypt to India.
Do lone lineages represent cryptic species?
Seven evolutionary lineages were represented by single individuals or single genotypes that did not belong to any of the seven phylogenetic species. Can these lone lineages be considered as cryptic species? Our sampling favoured human clinical isolates, and the lone lineages were biased against this trait, so the lineages may represent larger populations of fungi in nature. For example, EH315 was recovered from a wild bat and the two Peruvian individuals with identical genotypes (H140 and H185) were recovered from owl monkeys. The Peruvian individuals did not form mycelium in the laboratory and could not be cultivated (Miller & Owens 1999) , forcing us to use DNA from infected liver and spleen for our PCR amplification. The Peruvian individuals had larger yeast cells than typical H. capsulatum and reminded mycologists of another fungal pathogen, Lacazia loboi, but clearly belong in the genus Histoplasma. Isolate H153 was also phenotypically distinct, having unusually large macroconidia, not converting to yeast at 37 °C and causing an atypical, disseminated cutaneous histoplasmosis (Lacaz et al. 1999) . Other lone lineages, e.g. H66, H69 from Colombia, H167 from Argentina and H81 from Panama, showed no phenotypic differences, either in morphology or ecology. On balance, it seems likely that some of our lone lineages represent fungi that are not likely to be collected by clinicians, might not be recognized as Histoplasma or cannot be cultivated by methods routinely used in clinical laboratories. If this thinking is correct, the lone lineages may represent natural populations that we have not sampled adequately. The dramatic increase in recovery of NAm 1 individuals correlated with the AIDS pandemic provides support for this idea. Prior to the pandemic, which began in the early 1980s, NAm 2 was predominant and NAm 1 was represented by only two individuals, H9 [Downs, obtained in 1968 from an 86-year-old woman (Gass & Kobayashi 1969) ] and H79 [obtained from a striped skunk in the 1940s (Emmons et al. 1949) ]. As AIDS spread, NAm 1 became common in clinics (Spitzer et al. 1990) , not due to an increase in NAm 1 in nature but to an increase in susceptible hosts.
Conclusion
Histoplasma capsulatum comprises at least seven phylogenetic species, one in each of Africa, Australia and the Netherlands (Indonesia?) and two species each in North America and Latin America. The Eurasian population originated from within one of the Latin American species. In addition, seven distinct lineages represented by single isolates or genotypes were identified in Latin America. Each of these lineages potentially represents an independent phylogenetic species. Judging from the observed genetic diversity and DNA substitution rates, the radiation of Histoplasma started between 3 and 13 Ma in Latin America. The present day population structure of Histoplasma can be explained by refugial populations in the last glacial maxima.
